THE DIAPHRAGM, LIKE OTHER respiratory muscles, is multifunctional. In addition to generating force responsible for moving air into the lungs, the diaphragm participates in executing protective reflexes, such as vomiting and coughing, contributes to postural stabilization and voluntary movement, and is involved in complex behaviors, such as vocalization (37) . Furthermore, the respiratory-related discharges of the diaphragm are modulated during locomotion, exercise, sleep, and emotional responses (37) . As such, the neural circuitry regulating diaphragm contractions is necessarily complex. A large number of physiological studies conducted in multiple species have discerned the organization of the brain stem respiratory groups responsible for generating the respiratory rhythm and imparting that activity on phrenic motoneurons (23) . There is considerable evidence, however, that additional brain stem circuitry also modulates diaphragm motoneuron firing, particularly in emetic animals such as cats. For example, bulbospinal neurons in the dorsal respiratory group (DRG) and ventral respiratory group (VRG) with inspiratory activity are inactive during vomiting, indicating that the powerful diaphragm contractions contributing to this behavior are elicited by premotor neurons in other locations (38) . In addition, functional lesions that inactivate the brain stem respiratory group neurons or their axons do not eliminate changes in diaphragm activity during vestibular stimulation (60) . The locations of the brain stem neurons that drive the contractions of the diaphragm during these responses, and likely others, have not been established.
A number of suprapontine regions have also been shown to participate in regulating diaphragm activity. Previous studies identified neurons in the mesencephalic tegmentum, as well as in the caudal hypothalamus, that, when stimulated, produce simultaneous increases in locomotion and respiration (25) . Stimulation of specific regions of the periaqueductal gray has been shown to elicit vocalization and/or emotional responses that are accompanied by changes in the timing and magnitude of diaphragm discharges (5) . Stimulation of a variety of regions of the cerebral cortex alters inspiratory activity, which is likely due to the high interconnectivity between cortical areas (19, 25) . Although it is clear that a number of suprapontine regions are involved in modulating diaphragm activity in association with a multiplicity of complex behaviors, the organization of the neural circuits that synaptically link these brain centers with diaphragm motoneurons has not been well described.
Transneuronal tracing techniques using neurotropic viruses offer a powerful tool to map the polysynaptic pathways providing inputs to a particular target, as the viruses move progressively through neural circuits in a time-dependent retrograde manner (30, 55) . Previous studies have employed the retrograde transneuronal transport of pseudorabies virus to determine the locations of neurons providing inputs to diaphragm motoneurons in the rat (20, 33) and ferret (10, 61) . Both sets of experiments focused only on infected neurons in the spinal cord and brain stem. In particular, the ferret studies were limited to describing the locations of medullary neurons likely to provide direct inputs to phrenic motoneurons (10, 61) , and the experiments in rats concentrated on the bulbospinal and spinal projections to phrenic motoneurons, as well as the direct inputs to the premotor neurons (20, 33) . Furthermore, although the ferret is a common model animal employed in studies regarding emesis, there are limited physiological data regarding the neural regulation of diaphragm activity in this species (52) . The cat is presumably a better animal to utilize in transneuronal tracing studies analyzing the multifunctional regulation of diaphragm activity; felines employ their diaphragm in a variety of complex behaviors, including vomiting, coughing, and postural responses, as documented in an extensive body of electrophysiological literature (37) . Many of these responses are absent in rodents.
Although pseudorabies virus is a commonly employed retrograde transneuronal tracer, the agent is not effective for mapping neural projections in cats (12) . However, many recent studies have utilized an alternate transneuronal tracer: rabies virus (for reviews, see Refs. 30, 55) . This work demonstrated that rabies virus is transported exclusively in the retrograde direction with no evidence of uptake by fibers of passage. It was well documented in these experiments that rabies does not cause cell lysis and is effective in identifying a hierarchy of multisynaptic circuits innervating specific targets. Moreover, rabies virus is selectively uptaken by motoneuron terminals and not sympathetic or parasympathetic efferents or sensory endings (30, 54, 55) . This selectivity is presumably due to the high affinity of the virus for the skeletal muscle nicotinic receptor, which concentrates rabies at the neuromuscular junction (32) . As such, rabies virus is an ideal transneuronal tracer for mapping motor pathways.
The present experiments aimed to identify the extended neural pathways that regulate diaphragm function in the cat by performing transneuronal retrograde tracing with the N2C strain of rabies virus. Injecting the virus into the diaphragm and analyzing the temporal progression of labeling throughout the central nervous system established the location and hierarchy of brain regions that influence diaphragm activity. The goal of this study was to discern regions of the nervous system that may be involved in coordinating contraction of the diaphragm during behaviors other than eupnea, such that these areas can be targeted for analysis in subsequent physiological studies.
METHODS
All of the procedures used in this study conformed to the American Physiological Society's "Guiding Principles for the Care and Use of Animals" and the National Institutes of Health "Guide for the Care and Use of Laboratory Animals" and were approved by the University of Pittsburgh's Institutional Animal Care and Use Committee.
Seventeen 6-to 12-mo-old female cats (Liberty Research, Waverly, NY), weighing 2.6 -3.5 kg, were used in these experiments. Fourteen of the animals were employed for the principal experiment tracing inputs to phrenic motoneurons, whereas three others were used in control studies in which rabies was injected into hindlimb muscles to determine whether sympathetic efferents transport the virus (see RESULTS). The animals were not vaccinated for rabies, and additionally serology was performed to ensure that they did not have immunity to the virus. The animals were housed individually and maintained under a 12:12-h light-dark cycle at 72°F. Before the onset of experiments, animals were moved to a facility approved for Biosafety Level 2 (BSL2) experiments. The animals were acclimated to a BSL2 housing room for a minimum of 2 days before being injected with rabies virus and were subsequently maintained and euthanized in the BSL2 facility. All procedures conformed to the Centers for Disease Control and National Institutes of Health requirements for the use of infectious pathogens (14a) .
The N2C strain of rabies virus was utilized for injections into all animals. Dr. Peter Strick of the University of Pittsburgh provided the stocks of virus at a titer 1 ϫ 10 8 plaque forming units/ml. The virus was stored at Ϫ80°C and thawed just before injection. All personnel handling the virus or infected animals had been vaccinated against rabies. Excess virus was inactivated with Clorox and disposed of as biohazardous waste.
Surgical Procedures
Surgical procedures were conducted under aseptic conditions within a dedicated surgical suite approved for BSL2 procedures. Animals were initially anesthetized using ketamine (15 mg/kg) and acepromazine (1 mg/kg) injected intramuscularly and subsequently intubated and maintained under deep anesthesia using 1-2% isoflurane vaporized in O 2. The concentration of isoflurane delivered was titrated to maintain a stable heart rate and breathing frequency. Body temperature was maintained near 38°C using a heating pad.
In the 14 animals used for experiments, considering the neural pathways that regulate diaphragm activity, the ventral surface of the diaphragm was approached via a midline incision through the skin and musculature of the abdominal wall. The viscera were retracted to expose the diaphragm, and injections of rabies virus were made under the peritoneal lining of the muscle using a 25-l Hamilton syringe equipped with a 22-gauge needle. Injections of 25-l volume were made at 8 (n ϭ 10) or 12 (n ϭ 4) sites throughout the left costal region of the diaphragm to deliver a total of 200 -300 l of virus. At each site ϳ5-10 l of inoculum were injected at a time in several second intervals as the needle remained in the diaphragm. Additionally, the needle was maintained in the diaphragm for several seconds after completion of each injection series to minimize leakage of the virus. Upon completion of the inoculations, the peritoneal surface of the diaphragm was swabbed with cotton to absorb any leaked virus, and the abdominal musculature and skin were sutured shut. To provide analgesia, animals received intramuscular injections of ketoprofen every 24 h for 3 days (2 mg/kg initial dose and 1 mg/kg maintenance dose). The health and well-being of the animals was monitored at least every 8 h until they were anesthetized and perfused at the conclusion of the experiment.
Tissue Preparation
After survival times ranging from 61.5 to 144 h following injections of virus into the diaphragm, animals were anesthetized using ketamine (15 mg/kg) and acepromazine (1 mg/kg) injected intramuscularly, followed by pentobarbital sodium (40 mg/kg) injected intraperitoneally. After verifying the absence of nociceptive reflexes, the animals were transcardially perfused with ϳ1 liter of heparinized saline followed by ϳ2 liters of 4% paraformaldehyde-lysine-periodate fixative (36) . The brain and spinal cord were removed, postfixed 1-2 days in 4°C paraformaldehyde-lysine-periodate, and cryoprotected in 30% sucrose in 0.1 M phosphate-buffered saline (PBS) for 2 days. Spinal cord and brain sections were cut at a thickness of 40 m using a freezing microtome. The thoracic spinal cord was sectioned horizontally and sequentially collected in four wells of phosphate-Trisazide buffer (PTA). In animals where injections of virus were made into the diaphragm, the cervical spinal cord was sectioned coronally and sequentially collected in four wells of PTA; the lumbar spinal cord was similarly sectioned in control experiment animals with virus injections into the hindlimb. The medulla, pons, midbrain, and diencephalon were also sectioned coronally but sequentially collected in six wells of PTA. The telencephalon from animals with virus injections into the diaphragm was either cut sagitally (n ϭ 12) or coronally (n ϭ 2) and collected in six wells of PTA. Tissue sections were stored at 4°C in PTA until being processed for immunohistochemical localization of rabies. using avidin-biotin immunoperoxidase techniques (26) . Sections were incubated in 0.3% hydrogen peroxide in distilled water for 30 min to quench endogenous peroxidase activity. After several rinses in PTA or 0.1 M PBS, sections were incubated in 1.5% normal horse serum in PTA or 10 mM PBS for 20 min with agitation. After rinsing, sections were incubated in a mouse monoclonal antibody directed against the rabies virus phosphoprotein that resides in the infective nucleocapsid core (M957, diluted 1:300 in PTA) (30) for 18 -72 h at 4°C. The specificity of this antibody to rabies virus has been established previously (39) . After being brought to room temperature, sections were rinsed several times in phosphate Tris (PT) or PBS buffer and incubated in biotinylated secondary antibody (1:200, biotinylated horse antimouse IgG, Vector Laboratories, Burlingame, CA) in 10 mM PBS or PT for 30 min with agitation. Following rinsing, sections were incubated in 1% ABC complex (Vector) in PT or 10 mM PBS for 1 h, rinsed again, and then incubated in a saturated solution of filtered 3,3Ј-diaminobenzidine in PT with 0.0002% hydrogen peroxide for 3 min or until the reaction was complete, as determined by visual inspection. Sections were then rinsed in PT or PBS, mounted on gelatin-coated slides, cleared in ascending concentrations of ethanol followed by three changes of xylene, and coverslipped with cytoseal. Most sections were counterstained with neutral red for identification of cytoarchitecture.
Analysis
Sections from animals with rabies virus injections into the diaphragm were initially inspected qualitatively to document the pattern of infection. A quantitative mapping of the distribution of infected neurons in the brain stem, midbrain, and diencephalon of six selected cases was conducted using the Stereoinvestigator image analysis system (MicroBrightField, Williston, VT), interfaced with a Nikon microscope. Neuronal cell bodies were only counted if they contained a homologous distribution of antigen within their cytoplasm, and the cell nucleus was visible. Neurons were categorized as small if the cell body was ϳ10 m in diameter, medium sized if the diameter was ϳ20 m, and large if the diameter was over 30 m. For the quantitative analysis, sections through the medulla, pons, cerebellum, and midbrain were mapped at a frequency of every fifth section from one well of tissue. Initial qualitative analyses demonstrated that this frequency provided an accurate representation of labeling within the most heavily infected cell groups. Comparable sections were mapped in all cases considered. Similarly, the quantitative mapping of labeled neurons in the diencephalon focused upon the areas that were identified as being heavily infected in initial qualitative analyses. The telencephalon was examined qualitatively. The boundaries of specific areas were determined using the Berman cat atlas (9), digital feline brain atlases (http://BrainMaps.org), and a review of cerebral cortex connectivity (51) . Quantitative maps of cervical spinal cord sections were generated for eight animals.
A subset of sections was photographed with a Zeiss Axioplan photomicroscope equipped with a Hamamatsu camera (Hamamatsu Photonics, Hamamatsu, Japan) and a Simple-32 PCI image analysis system (Compix, Lake Oswego, OR) or a Nikon Eclipse E600N photomicroscope equipped with a Spot RT monochrome digital camera (Diagnostic Instruments, Sterling Heights, MI) and MetaMorph imaging software (Universal, Downingtown, PA). Adobe Systems (San Jose, CA) Photoshop and Illustrator software were used for preparing photographs and maps of sections for publication. Brightness and contrast of images were adjusted without any other alterations.
RESULTS
Injection of rabies virus into the diaphragm produced transneuronal labeling in the nervous system of 11 animals, with survival times ranging from 61.5 to 144 h. In three additional animals, virus injections into the diaphragm were unsuccessful in producing retrograde infection of spinal or brain stem neurons after survival times ranging from 96 to 120 h. The three animals with the longest survival times (120 -144 h) had infections that were too extensive to define the route through which higher cell groups were infected; these cases were not considered. The eight animals used for analysis were categorized into early, intermediate, and late infection groups based on the extensiveness of labeling (Tables 1 and 2 ). The early group (animals C53, C52, and C21) had infection confined to the spinal cord, medulla, and pons. The intermediate group (cases C38, C39, and C51) included cats with increased numbers of neurons in the areas labeled in early cases with the addition of new areas extending into the midbrain, diencephalons, and telencephalon. The late group (animals C36 and C37) included cats with heavier infection within areas that were labeled in intermediate cases with the addition of a few other regions. The progression of infection was not entirely correlated with the postinoculation interval, likely because factors such as the body weight of animals also affect the rate of viral transport through specific circuits (31) .
Infection of Spinal Neurons Following Rabies Virus Injections Into the Diaphragm
In all animals deemed to have successful rabies inoculations into the diaphragm, large infected neurons were present in the central portion of the ventral horn of the C 4 -C 6 spinal segments ipsilateral to the side injected with virus, between the medial and lateral columns of motoneurons. In all cases except animal C53, the large neurons formed a tight cluster, and so much reaction product was present that it was difficult to obtain an accurate count of the cells. An example of such a cell cluster in the C 5 segment of animal C21 is shown in Fig. 1B . The position of this cluster of large infected neurons in the gray matter corresponds to the known location of motoneurons innervating the diaphragm in the cat (8, 48) . As such, the cells were classified as putative phrenic motoneurons. In animal C53, large infected neurons were present in a similar location, but the number was much lower than in the other cases (only 1-2 cells per section). Presumably, only a fraction of phrenic motoneurons was infected in this animal, likely because the postinoculation survival time was Ͼ24 h shorter than in the other cases.
In addition to these large neurons, smaller labeled cells were distributed bilaterally in the cervical spinal cord in every animal and were deemed to be interneurons that were transneuronally infected by passage of rabies virus from phrenic motoneurons. Photomicrographs of putative interneurons in the C 5 segment of animal C21 are shown in Fig. 1 , C, D, and E. Figure 2A illustrates the locations of the putative interneurons in representative sections from each cervical segment of early infection case C21, whereas Fig. 2B shows the locations of putative interneurons in intermediate infection case C51. All animals except C53, the case with the shortest survival time and fewest labeled cells, exhibited infected presumed interneurons in all cervical segments. In animal C53, however, the presumed interneurons were limited to the C 2 and C 5 -C 7 segments. In the animals with the most advanced infections (C36 and C37), the relative number of labeled presumed interneurons was about the same in the upper cervical cord as in the C 4 -C 7 segments. In contrast, in cases C21, C52, and C53, the amount of infection in C 1 -C 2 was Ͻ15% of that in segments containing the diaphragm motoneurons. In animals C38, C51, and C39, the number of labeled C 1 neurons was 30 -40% of the number in C 4 -C 6 .
In all of the sections shown in Fig. 2 , A and B, the number of infected presumed interneurons in the dorsal horn (Rexed's laminae I-VI) is lower than in the ventral horn (laminae VII-X). The quantitative analysis revealed that, except for a few segments in the animals with the most extensive infection, the majority of labeling was confined to the ventral horn. In animals with early infection (C21, C52, C53), Ͼ70% of the presumed interneurons were located in the ventral horn in every segment. A number of other patterns were also observed with regard to the locations of the presumed interneurons. For example, in all cases, an aggregation of labeled cells was present adjacent to the central canal, in medial lamina VII and lamina X of the segments containing diaphragm motoneurons (see Fig. 1C for an example).
Horizontal sections through the thoracic spinal cord were additionally examined for all animals. Infected neurons were observed in the upper thoracic cord in all cases, mainly in sections through the ventral horn and region near the central canal (intermediate zone). However, in animals C53, C21, C52, and C38, only a few scattered neurons were present caudal to the T 4 segment. For example, Fig, 2C shows the distribution of labeled neurons in sections through the intermediate zone and ventral horn of the T 5 -T 9 segments in case C38. In these four animals, no infected cells were observed along the lateral border of the thoracic cord gray matter, particularly in the intermediolateral region that contains sympathetic preganglionic neurons. However, the thoracic infection was much more extensive in the other cases, all of which also exhibited considerable labeling in the brain that extended to the cortex. It was impossible to distinguish the intermediolateral cell column in these animals and determine whether sympathetic preganglionic neurons were infected.
Infection of Neurons in the Medulla and Pons Following Rabies Virus Injections Into the Diaphragm
Medullary respiratory groups. The locations of the medullary respiratory groups in the cat have been documented in numerous physiological studies (for reviews, see Refs. 15, 16, 23) . The DRG has been described as a focal group of neurons concentrated in the ventrolateral nucleus of the solitary tract (15, 16) . Accordingly, a large number of rabies-infected neurons was concentrated bilaterally in the ventrolateral nucleus of the solitary tract; this cell group also circumscribed the solitary tract. The number of infected DRG neurons in different cases is shown in Table 1 . At longer survival times, labeling increased predominantly in the region circumscribing the solitary The VRG has been defined as a continuous column of neurons in the ventrolateral brain stem that extends from the first cervical roots to the middle of the pons (15, 16) . This column of respiratory neurons has been functionally subdivided into the caudal VRG (cVRG), rostral VRG (rVRG), Bötzinger complex (BOT), and pre-Bötzinger complex (pre-BOT) based on the differential distribution of inspiratory and expiratory neurons (3, 17) . During quantitative analyses (see Table 1 ), the cVRG was defined as the region of the VRG spanning from the spinomedullary junction to the level of the obex, the rVRG as the region extending to ϳ2.4 mm rostral to the obex, BOT as the region from 3.1-4.7 mm rostral to the obex, and pre-BOT as the region interposed between the rVRG and BOT. In animal C53, which had the shortest survival time, a few labeled neurons were found within all of the aforementioned divisions of VRG, except for pre-BOT; most of the labeled cells were located in the rVRG. At later survival times, the number of infected neurons increased greatly in every subdivision, with the most labeled cells still found in the rVRG and the least in cVRG. The distribution of infected neurons in the VRG is indicated in Figs. 3 and 4 and Table 1 .
Parabrachial nucleus. The parabrachial nuclear complex, which is known to contain the pontine respiratory groups (15, 16, 23) , comprises three major subdivisions: the Kölliker-Fuse nucleus (KF), and the medial and lateral parabrachial subfields. Infected neurons were present in all three regions of all animals, except the one with the shortest survival time. KF contained the most labeled neurons in all animals, particularly those with relatively short survival times, as indicated in Table  1 and illustrated in Fig. 5 . Labeled neurons in the parabrachial regions were mostly small, round, or fusiform cells, but KF also contained some larger multipolar cells. Unlike most brain regions, infected cells in the parabrachial complex were lateralized, with 80% or more being present ipsilateral to the side of virus injections into the diaphragm.
Medial reticular formation. The number of infected neurons in the medial reticular formation (MRF) of the medulla and pons, defined as the paramedian, magnocellular, and gigantocellular reticular fields (9), was also determined. MRF infection was observed in every animal, except the one with the shortest survival time. However, there was a large increase in the number of labeled MRF neurons as the brain stem infection became more advanced (see Table 1 ). Figures 4 and 5 illustrate the distribution of infected cells within the MRF. Labeled neurons in this region were mostly large multipolar cells that were spread bilaterally. There was a differential distribution of neurons along the rostral-caudal axis; in each animal, the largest number of infected MRF neurons was observed from 8.5 to 10 mm posterior to the interaural plane, where cells were densely packed within the ventromedial portion of the magnocellular reticular field. Neurons were more diffusely scattered in the paramedian and gigantocellular reticular fields.
Lateral reticular field. The number of labeled neurons in the lateral reticular field (LRF, 9) was determined from sections spanning from 3.1 to 18.3 mm posterior to the interaural plane. Figures 4 and 5 illustrate the location and pattern of infection in this region. In particular, Fig. 4 shows that infected neurons in the medullary portion of the LRF were concentrated in the region surrounding the VRG and within the transitional area between the DRG and VRG. As such, and also because there was not a distinct morphological difference between neurons in the VRG and the surrounding LRF, cell counts in these regions may have been over-or underestimated. The labeled LRF neurons were mostly small to medium in size and multipolar or fusiform in shape and were distributed bilaterally. LRF infection was much heavier in the medulla (7.1-18.3 mm posterior to the interaural plane) than in the pons of all animals, as indicated in Table 1 . Additionally, the number of labeled neurons increased greatly between the early and intermediate infection groups.
Trigeminal nuclei and ventral paratrigeminal nucleus. The ventral paratrigeminal nucleus (v5SP), defined as the area just ventral to the caudal spinal trigeminal nucleus (5SP) (Ref. 44 ; see Fig. 3 ), was infected in all animals except the one with the shortest survival time (Table 1) . Infected neurons in this region were mostly small fusiform cells with an occasional larger multipolar neuron present. Labeled v5SP neurons were located on both sides of the brain from 11.6 -13.5 mm posterior to the interaural plane. Furthermore, the 5SP was also labeled, but only in the intermediate and late infection group animals. Similarly, the principal trigeminal nucleus contained a few labeled cells, but just in intermediate and late infection group 
cases. In particular, trigeminal nucleus only contained infected cells in cases that had cortical labeling (e.g., animals C39 and C51 but not C38). Vestibular nuclei and cerebellum. The vestibular nuclei contained infected cells bilaterally in all animals but the one with the shortest survival time, as indicated in Table 1 and Figs. 4 and 5. In early infection group animals, the labeling was confined to the inferior vestibular nucleus (IVN) and the lateral vestibular nucleus (LVN). In addition, numerous infected neurons were present at the border between IVN and NTS in these cases (see Fig. 3 , C and M), which were not considered to be located in the vestibular nuclei. Thus the amount of labeling in the vestibular nucleus complex could have been underestimated. In the intermediate infection group, labeled neurons were observed in all of the vestibular nuclei, as indicated in Table 1 , with the largest number of cells being located in LVN. Labeled cells in the LVN were large and multipolar, those in IVN and SVN were mostly medium-sized and multipolar, and those in MVN were small and round or fusiform.
Infected cells in the cerebellum were confined to the deep cerebellar nuclei, except in the cases with the most advanced infection that also included labeling in the Purkinje cell layer. Only a single neuron was observed in the fastigial and dentate cell groups of one early infection case (C21), but labeling increased in intermediate infection animals, as indicated in Table 1 . The number of labeled cells was larger in the fastigial nucleus than in dentate, and interpositus was not labeled except in the animals with the most advanced infections. Infected cells in these nuclei were small to medium multipolar or fusiform cells. Figure 5 illustrates the locations and morphology of labeled cerebellar neurons.
Chemosensory regions. Both the retrotrapezoid nucleus (RTN) and the medullary raphe nuclei, which comprise raphe pallidus and raphe obscurus, have been implicated in chemoreception (41, 42) . The caudal extent of the RTN is located 3.2-4 mm lateral to the midline and ventral to the retrofacial nucleus; rostrally, the region spans ventral and ventromedial to the facial nucleus to the caudal pole of the superior olivary nucleus (53) . The location of the RTN and the positions of infected neurons within this region are shown in Fig. 5 . Only one labeled neuron was observed in the RTN of a single early infection case (C21). In the intermediate infection group, only 16 -29 labeled RTN neurons were observed bilaterally (see Table 1 ), ventral and medial to the facial nucleus. Infected neurons in this region were mostly small, round, or fusiform cells.
The medullary raphe nuclei were infected in every animal except the one with the shortest survival time, although the number of labeled cells was only modest (see Table 1 ). A caveat is that the counts of labeled neurons in the rostral portions of these nuclei may have been underestimated due to the dense packing of infected neurons in the adjacent magnocellular field of the MRF. Infected cells presumed to be in the medullary raphe nuclei were small to medium in size and fusiform in shape. The distribution of raphe labeling is shown in Figs. 3 and 4 .
Other medullary and pontine nuclei. The lateral reticular nucleus, located within the caudal ventrolateral medulla (see Figs. 3 and 4) , was infected in every case except for the one with the shortest survival time. However, the number of labeled cells was only moderate (see Table 1 ). The cuneate nucleus also was modestly labeled, but this was mainly limited to cases where infection advanced to the diencephalon and cortex. The gracile nucleus also became labeled when the brain infection was advanced, as did several nuclei that process auditory information, including the dorsal and ventral cochlear nuclei and the nucleus of the trapezoid body (see Table 1 ).
Midbrain Labeling Following Rabies Virus Injections Into the Diaphragm
None of the early group cases had labeling in the midbrain, but all of the intermediate infection animals did. One animal with intermediate infection (C38) had labeling in the midbrain but not the diencephalon or cerebral cortex, while infection was present in the latter two areas of the other animals belonging to this group (C51 and C39, see Table 2 ). In animal C38, the midbrain infection was most pronounced within a dense group of cells located in the ventral extent of the lateral periaqueductal gray matter (lPAG). In the other two intermediate group animals, considerable labeling was also observed in the lPAG, with a smaller number of infected cells present in the ventrolateral periaqueductal gray (vlPAG) and dorsal periaqueductal gray (see Table 2 ). The infected cells in lPAG and vlPAG were small to medium multipolar and fusiform neurons, while those in dorsal periaqueductal gray were generally small in size. The dorsolateral periaqueductal gray was the least labeled of the PAG subdivisions. In each of the areas described above, infection was bilateral. Figure 6 illustrates the location of labeled neurons within the PAG.
The mesencephalic reticular nucleus (MRN) was very heavily labeled in the two intermediate group animals with infection that advanced to cortex, although labeling was less extensive in animal C38 (see Table 2 and Fig. 6 ). The MRN includes the paralemniscal and central tegmental fields (9) and extends from 2.1 mm posterior to 6.4 mm anterior to the interaural plane. Infected MRN cells were distributed bilaterally; most were medium sized and either multipolar or fusiform in shape, although a few large and small neurons were noted.
The pedunculopontine (PP) and cuneiform nuclei (CN) also contained labeled cells in the intermediate group animals, as illustrated in Fig. 6 . Previous studies identified the PP as a group of neurons surrounding the brachium conjunctivum in the dorsolateral part of the caudal MRN, extending from 2 mm posterior to 1 mm anterior of the interaural plane (28) . Infected neurons presumed to be in the PP were not counted as part of the MRN; furthermore, due to the close proximity of these groups, it is possible that the number of labeled neurons in the MRN or PP was over-or underestimated. The CN lies at the dorsal border of PP, is bordered laterally by the dorsal nucleus of the lateral lemniscus and medially by the rostral extent of locus coeruleus (LC) and the caudal extent of PAG, and spans from 0.9 to 2 mm posterior to the interaural plane (9) . In animal C38, only a few neurons were labeled in CN and PP, although infection in these regions was much more extensive in the two intermediate group cases with infection in the cerebral cortex (see Table 2 ). Infection in both regions was bilateral, and the labeled cells were small to medium in size and multipolar or fusiform in shape.
Three other midbrain regions were labeled in all of the intermediate group cases: nucleus LC, the Edinger-Westphal nucleus (EW), and the red nucleus (RN) (see Table 2 ). Infected neurons in LC were small to medium in size and multipolar or fusiform in shape and were distributed bilaterally, infected neurons in EW were mostly medium-sized multipolar cells, and infected neurons in RN were medium or large multipolar cells distributed with a strong contralateral predominance (over 80% were located on the side opposite to injections). Figure 6 illustrates the locations of the labeled cells in LC, EW, and RN.
Several other areas of the midbrain contained a limited number of infected neurons, but only in animals in which infection had advanced to the diencephalon and telencephalon. These areas included the intermediate and deep layers of the superior colliculus, the central nucleus of the inferior colliculus, and the nucleus of the posterior commissure, as indicated in Table 2 . One further midbrain region, the dorsal nucleus of the lateral lemniscus, was labeled in only one of the intermediate cases (animal C51), as well as in animals with late infection. Additional midbrain regions were also labeled in the animals with late infection, including the dorsal raphe nucleus, the external nucleus of the inferior colliculus, substantia nigra pars compacta, and substantia nigra pars reticulata.
Infection of Neurons in the Diencephalon and Telencephalon Following Rabies Virus Injections into the Diaphragm
Diencephalon. The majority of infected neurons in the diencephalon were observed in the perifornical region (PerF). This area was identified in studies that localized hypocretincontaining neurons and has been defined as a group of cells within the dorsal, posterior, and lateral hypothalamic areas concentrated dorsally and laterally from the fornix, including the region of the fields of Forel just ventral to zona incerta (1, 63) . Infection in PerF comprised small to medium multipolar and fusiform cells distributed bilaterally. The number of labeled neurons in PerF increased substantially in the late infection cases. Figure 7 illustrates the pattern of infection in PerF, as well as the morphology of labeled neurons, whereas Table 2 indicates the number of cells in this region.
A few other areas of the diencephalon in intermediate infection animals also contained a modest amount of labeling (see Table 2 ), including the medial parvocellular division of the paraventricular nucleus of the hypothalamus, the intralaminar thalamic nuclei in the central lateral nucleus, the ventro- lateral nucleus of the thalamus, and the paraventricular nucleus of the thalamus. Infected paraventricular nucleus of the hypothalamus neurons were small multipolar and fusiform cells distributed bilaterally; the location and morphology of these cells is illustrated in Fig. 7 . Infected central lateral nucleus and ventrolateral nucleus of the thalamus neurons were mostly small multipolar neurons that were distributed bilaterally. Only a few paraventricular nucleus of the thalamus cells were labeled in one intermediate infection animal, although the number increased in animals with more advanced infection.
Telencephalon. A few small multipolar neurons were labeled in the central nucleus of the amygdala of animals C39 and C51 (see Table 2 ). In addition, heavier bilateral labeling was noted in the cerebral cortex of these two animals, as well as in the late infection cases. The largest number of infected neurons was present within the deep lamina of the pericruciate cortex, particularly in the precruciate gyrus. These cells were mostly medium pyramidal neurons, and not large Betz neurons, as illustrated in Fig. 7 . Infection was additionally present within the prefrontal and insular cortices; the labeled cells in the prefrontal cortex were small and round, whereas those in the insular cortex were small and multipolar.
Evidence That Rabies Virus was Selectively Transported by Motor Pathways Controlling Diaphragm Function
At the earliest stages of infection, viral antigen was concentrated in the cytoplasm of the soma and proximal dendrites of neurons, but was absent from the nucleus, which is consistent with the replication pattern for an RNA virus. At later stages of infection, the distribution of viral antigen extended progressively into the dendrites. Evidence of cytopathology or lysis of infected neurons was not observed. Additionally, viral antigen was not observed in glia, even those adjacent to neurons that had been replicating virus the longest (i.e., had extensive viral antigen in the dendrites). These observations are consistent with the conclusion that rabies virus was transported transneuronally through neural pathways and was not dispersed through nonspecific extracellular release.
Even in the animals with advanced infections, a variety of brain stem regions were devoid of infection. These included the dorsal motor nucleus of the vagus, which provides parasympathetic innervation of the abdominal viscera, including the organs adjacent to the diaphragm (13) . Furthermore, the subretrofacial nucleus (SFN) was devoid of infection in all animals, as indicated in Fig. 4 . SFN is located within 0.5 mm of the ventral surface of the brain stem, ventral to the retrofacial nucleus near the rostral tip of the inferior olive, and regulates sympathetic outflow to the vasculature (18) . Infection in this area would have been expected, if the sympathetic nervous system had transported rabies virus.
To further examine whether rabies virus infects sympathetic nervous system neurons, we injected 250 l (n ϭ 2) or 900 l (n ϭ 1) of rabies virus into the gastrocnemius muscle of three animals. In two of these animals, the spinal cord had previously been severed rostral to the gastrocnemius motoneurons, at L 5 or L 6 , such that infection rostral to the transection could only have resulted by transport of virus by the sympathetic nervous system. An analogous study performed in rats with injections of pseudorabies virus into the gastrocnemius muscle produced considerable infection of sympathetic preganglionic neurons, as well as brain areas known to control sympathetic outflow (34) . The postinoculation survival times were 96 h for the animal with the intact spinal cord and 144 -156 h for the cases with a severed spinal cord. In all cats, a large number of neurons in the lower lumbar spinal cord were immunopositive for rabies virus. However, no infected neurons were noted in the thoracic spinal cord or brain stem of the animals with spinal transections. Although the thoracic spinal cord did contain labeled cells in the spinal-intact animal, none were positioned in the lateral region of the intermediate zone where sympathetic preganglionic neurons are located. The findings of these control experiments are thus in accord with previous data showing that sympathetic efferents do not provide a route through which rabies virus can be transported to the central nervous system (30, 54, 55) . 
DISCUSSION
The main contribution of the present study was to demonstrate that a number of brain regions, in addition to the medullary and pontine respiratory groups, contribute to the regulation of diaphragm activity in felines. In the brain stem, these areas include the medial and lateral medullary reticular formation, the region immediately ventral to the 5SP (v5SP), and the raphe and vestibular nuclei. Furthermore, this study is the first to systematically employ transneuronal tracing techniques to define the areas of the cerebellum, midbrain, diencephalon, and telencephalon that contribute to respiratory control. In particular, the FN, lPAG, MRN, PP, RN, PerF, and the pericruciate cerebral cortex were relatively heavily labeled in animals with intermediate levels of infection. The present data, therefore, reveal that a multiplicity of neural pathways contribute to regulating diaphragm contractions in species that utilize their respiratory muscles during complex behaviors, such as vomiting and coordinating diaphragm activity with body movements.
Selectivity of Infection of Motor Circuits Controlling Diaphragm Activity
Following rabies injections into the diaphragm, large infected neurons were present in the area of the C 4 -C 6 spinal gray matter known to contain phrenic motoneurons in the cat (8, 48) , and heavy infection was also observed in the regions of the brain stem containing the DRG and VRG (15, 16, 23) . Labeling patterns were consistent between animals, such that the areas infected following short survival times were also labeled in animals with more advanced infection. The distri- bution of infected neurons respected the boundaries of cell groups instead of expanding radially; the latter would be expected if the virus were released indiscriminately through lysis or other nonsynaptic mechanisms. Labeled neurons were not present in the regions of the brain stem known to be involved in regulating sympathetic and parasympathetic outflow to the vasculature or visceral organs adjacent to the diaphragm, including the dorsal motor nucleus of the vagus and the region of the rostral ventrolateral medulla (SFN) that controls blood flow (13, 34) . These findings support previous data showing that rabies virus is selectively uptaken by motoneuron terminals and not sympathetic or parasympathetic efferents or sensory endings (30, 54, 55) . Furthermore, additional control experiments conducted as part of the present study revealed that sympathetic preganglionic neurons were not infected following the injection of rabies virus into the gastrocnemius muscle, even in a case where a large amount of virus (900 l) and a long survival time (156 h) were employed. Cumulatively, this evidence strongly suggests that the labeling of central nervous system neurons in the present study resulted exclusively from the transport of rabies virus by motor circuits regulating diaphragm activity.
Distribution of Infected Interneurons in the Spinal Gray Matter
In all animals, numerous infected presumed interneurons were present outside the cluster of labeled cells in C 4 -C 6 , surmised to be phrenic motoneurons. These data support electrophysiological evidence that propriospinal neurons in the upper cervical (2, 40) and thoracic (6) spinal cord, as well as local circuit neurons (7, 21) , provide inputs to phrenic motoneurons. The infected interneurons were distributed bilaterally throughout the cervical and upper thoracic spinal cord, but in the early and intermediate infection cases were most heavily concentrated in the ventral horn of the segments containing diaphragm motoneurons. As such, it appears that local interneurons play a particularly important role in controlling diaphragm activity.
Connections of Brain Stem Neurons With Phrenic Motoneurons
The issues that influence the transneuronal spread of pseudorabies virus through neural circuits have been considered in detail (4) and presumably are also applicable to rabies. The speed at which virus is transported transneuronally to the cell body of a second-order neuron is affected by many factors, including the length of its axon, the density of its synaptic connections with an infected cell, and whether these connections are near the soma or are located on the distal dendrites. As such, determining the number of synapses separating a transneuronally infected neuron from the injection site can be difficult. This analysis is facilitated by the use of monosynaptic retrograde tracers and antidromic stimulation to ascertain the connectivity between two putatively linked regions. The pattern of infection observed in the medullary and pontine respiratory groups is largely in accord with previous anatomical (43, 49) and physiological (15) (16) (17) 23) studies. In addition to the classically defined respiratory groups, an appreciable number of brain stem cells in the raphe nuclei, medial and lateral reticular formation, vestibular nuclei, and v5SP were labeled in the early infection animals. Injection of horseradish peroxidase into the vicinity of feline phrenic motoneurons also retrogradely labels cells in the raphe and vestibular nuclei and medial medullary reticular formation (43, 49) , and the latter neurons can additionally be antidromically activated by microstimulation in the diaphragm motoneuron pool (57) . As such, it seems likely that synaptic connections exist between cells in these regions and phrenic motoneurons. The notion that the vestibular nuclei provide direct inputs to diaphragm motoneurons is bolstered by the observation that electrical stimulation of vestibular afferents in the inner ear of cats can produce changes in phrenic nerve activity at latencies Ͻ 10 ms (59). The medullary raphe nuclei have previously been established as making direct connections with diaphragm motoneurons in multiple species (11, 20) , and thus the early rabies infection of cells in raphe pallidus and obscurus was not unexpected. In contrast, the labeling of a circumscribed group of cells immediately ventral to the 5SP was unpredicted. A similar area of the muskrat defined as the v5SP receives inputs from the ethmoidal nerve, whose afferents trigger the diving reflex (44) . The v5SP region was not delineated in previous studies where horseradish peroxidase was injected into the C 5 -C 6 ventral horn of cats (43, 49) , suggesting that cells located in v5SP do not make synaptic connections with phrenic motoneurons. However, the early and consistent labeling of the region suggests that it likely provides disynaptic influences on the diaphragm motor pool, perhaps via connections with bulbospinal neurons in the medullary respiratory groups. This hypothesis remains to be tested. The early infection of cells in the LRF also likely reflects the presence of substantial direct inputs of these neurons to the DRG and VRG (53) .
As infection became more advanced, additional areas of the brain stem became labeled. These regions included RTN and the spinal and principal trigeminal nuclei, which provide substantial inputs to the medullary respiratory groups in the cat (53) . Labeling also increased in the first-infected areas, most strikingly in the MRF. This increase in MRF infection could reflect the prevalent connections of this region with interneurons in the ventral horn (46) , which also became extensively labeled at longer survival times. The MRF integrates a variety of sensory signals (45, 62) , and the substantial infection of this area could provide a conduit for transneuronal passage of virus to a large variety of brain stem regions. It seems likely that late-appearing labeling in regions such as the dorsal column nuclei and structures that process auditory information was mediated, at least in part, through their connections with the MRF.
Connections of Cerebellar Neurons With Phrenic Motoneurons
Labeling was present in the fastigial nucleus of the cerebellum, and to a lesser extent the dentate nucleus, of animals with intermediate and advanced brain infection. The labeling of fastigial nucleus was not unanticipated, as this structure has extensive connections with the MRF and vestibular nuclei of the cat (14) , and is known to participate in regulating diaphragm activity (58) . Infection of the dentate nucleus was surprising, however, as the lateral cerebellum has not previously been postulated to participate in respiratory control. Dentate labeling might have resulted largely through its connections with the RN (47), which was also infected in the same animals. Dentate projections to RN could be involved in modulating voluntary contractions of the diaphragm, including those that are coordinated with movement of the body in space.
Connections of Midbrain Neurons With Phrenic Motoneurons
Heavy labeling of the lateral column of PAG was observed in all of the animals with intermediate and advanced brain infection. This region is complex, as stimulation of the lPAG can elicit either defensive responses that include changes in respiration or airway muscle contractions and the modulation of respiratory activity required to produce vocalization (5) . The lPAG as well as the vlPAG have descending projections to both the MRF and the medullary respiratory groups (22, 35) , which probably provided the route through which cells in these regions became transneuronally infected with rabies virus.
A number of midbrain regions involved in voluntary motor control were also heavily labeled in the intermediate and late infection animals. These areas included the CN and PP regions, which serve functionally as the mesencephalic locomotion center in the cat (24) . Stimulation of these nuclei produces coordinated changes in breathing patterns and limb movements (25) , which are largely mediated through descending connections to the medullary MRF and raphe nuclei (29) . RN was also labeled in the intermediate and late infection animals. This nucleus projects heavily to the intermediate zone of the cervical spinal gray matter (47) , which was infected extensively following rabies injections into the diaphragm. Since RN in the feline receives substantial inputs from motor cortex (27) , this pathway provides a potential route for voluntary control of breathing.
Connections of Diencephalon and Telencephalon Neurons With Phrenic Motoneurons
The majority of infected cells in the diencephalon were observed in the PerF region; the distribution and morphology of the neurons suggested that they contain hypocretin (1, 63) , although their phenotype was not established in this study. A hypothalamic region has also been identified whose stimulation triggers parallel increases in breathing and physical activity (56) . Although the location of this area is not precisely defined, it is known to include portions of the posterior and lateral hypothalamus, as well as the adjacent fields of Forel (56); as such, this area overlaps the PerF region that was heavily labeled in the present study. Presumably, PerF neurons were infected through their extensive connections with the midbrain (25) . Hypocretin-positive cells in the hypothalamus have been shown to play a key role in arousal (50) , which raises the notion that the infected PerF neurons have a generalized role in adjusting respiratory activity in accordance with the requirements of a variety of ongoing behaviors, ranging from exercise to sleep. Further studies will be required to test this hypothesis. Infected PerF neurons could also participate in eliciting defense responses.
The most heavily infected portion of cerebral cortex was the pericruciate region, which corresponds to motor cortex in the cat (51) . Pericruciate neurons could have been infected through their extensive projections to RN or the pontomedullary reticular formation, but likely not through direct projections with the spinal cord, since the large Betz cells were not infected (27) . The prefrontal and insular cortices were less heavily labeled, and, unfortunately, the present data do not permit the determination of whether these areas were infected through distinct subcortical pathways or via intracortical connections with the pericruciate region. Nonetheless, the concentration of labeling in the precruciate gyrus suggests that this region plays a dominant role in the voluntary control of breathing.
Comparison of Findings With Those From Other Species
Although no previous studies have systematically identified the pattern of infection in the cerebellum, midbrain, diencephalon, or telencephalon following injections of transneuronal tracers into the diaphragm, the distribution of brain stem and spinal labeling in the present study on the cat differs from that reported previously for the rat (20, 33) or ferret (10, 61) . An initial transneuronal tracing study in the rat indicated that only a very limited number of spinal interneurons provide inputs to phrenic motoneurons (20) , although a recent study firmly established the existence of such spinal premotor interneurons, which are concentrated in the same segments as the infected motoneurons (33) . A substantial number of spinal interneurons also appears to provide inputs to phrenic motoneurons in cats; perhaps this interneuronal network is even more extensive in felines than in rodents (33) , although methodological differences between experiments prevent quantitative comparisons of the data collected in the two species. Within the brain stem, the classically defined respiratory groups appear to provide strong, direct inputs to phrenic motoneurons of all mammals that have been studied. In addition, neurons in the medullary MRF were infected early in all species following virus injections into the diaphragm (10, 20, 61) . However, only a few MRF neurons were infected in the rat; in contrast, numerous labeled cells were present in this region in the ferret (10, 61) and cat. Both ferrets and felines are emetic, and one possibility is that the medullary MRF participates in driving the respiratory muscle contractions that generate emesis. This notion is supported by the observation that many MRF cells in ferrets have collateralized projections to both phrenic and abdominal motoneurons (10) .
In addition, two brain stem regions were infected at short survival times following virus injections into the diaphragm in cats, but not rats or ferrets. The first of these areas is the vestibular nucleus complex. Physiological studies have demonstrated that the vestibular system contributes to modulating diaphragm activity (59) , but the present data raise the possibility that vestibulo-respiratory responses in felines are elicited via a more direct reflex pathway than in some other species. The second novel area identified in the present experiments is a circumscribed region ventral to the 5SP in the caudal medulla (v5SP). One previous anatomical study conducted in muskrats described an analogous region (44) , which was postulated to trigger apnea during diving reflexes. Physiological studies will be needed to ascertain whether v5SP has a similar function in cats.
Perspectives
The present study revealed that an extended network of neurons participates in regulating diaphragm activity in cats. The highest concentrations of these neurons were located in the intermediate zone of the C 5 -C 6 spinal gray matter, the medullary and pontine respiratory groups and adjacent reticular formation, reticular formation of the medial medulla, vestibular nuclei, lateral portion of the periaqueductal gray, midbrain tegmentum, RN, the perifornical area of the hypothalamus, and the precruciate gyrus. Although other investigators have postulated that the classically defined respiratory groups have an overarching role in respiratory regulation (20) , the present data suggest that many other regions are functionally relevant, particularly in large animals, such as cats that employ their respiratory muscles in a variety of different movements and behaviors. As such, further studies that compare the regulation of diaphragm activity in different species, including those conducted in nonhuman primates, will be needed to decipher the complexities involved in the neural control of breathing.
